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Abstract
Metolazone is a diuretic agent used in patients with edematous states and/or hypertension. The electrochemical
behavior of metolazone on a glassy carbon electrode was investigated using cyclic, differential pulse, and square-wave
voltammetry at different pHs. The pH dependent oxidation of metolazone occurs in two consecutive steps in a
diffusion-controlled mechanism and involves the formation of a main oxidation product. The first oxidation process is
reversible, and involves two electrons and two protons corresponding to the oxidation of nitrogen in the sulfonamide
moiety. The second oxidation process is irreversible, also occurs in the sulfonamide moiety, involves a one electron-
transfer, and is followed by deprotonation to produce a cation radical, which reacts with water and yields a
hydroxylated product. The diffusion coefficient of metolazone was calculated to be 3.43 106 cm2 s1 in pH 7.0 0.1 M
phosphate buffer.
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1. Introduction
Diuretics are widely used in the treatment of congestive
heart failure and hypertension. The major indications for
diuretics are the enhancement of renal excretion of salt and
water and lowering of blood pressure. In addition, sodium
cations and chloride anions may also affect the renal
readsorption and excretion of potassium, calcium, magne-
sium and other ions. Some diuretics increase urinary
potassium excretion and can cause hypokalemia in patients
treated with these medications for prolonged times [1, 2].
Diuretics areusually classified according to their chemical
structures and physicochemical properties into the follow-
ing four different groups: thiazides (e.g., hydrochlorothia-
zide and bendroflumethiazide), loop diuretics (e.g., bume-
tanide and furosemide), potassium-sparing diuretics (e.g.,
amiloride and triamterene), and carbonic anhydrase inhibi-
tors (e.g., acetazolamide). Based on the effect of diuresis,
diuretics can also be classified into high-efficiency diuretics
(such as loop diuretics), medium-efficiency diuretics (such
as thiazides and related compounds) and low-efficiency
diuretics (such as potassium-sparing diuretics and carbonic
anhydrase inhibitors) [1].
Metolazone (MT) [7-chloro-1,2,3,4-tetrahydro-2-methyl-
4-oxo-3-O-tolyl-6-quinazoline-sulfonamide] (Scheme 1) is
structurally related to the quinazoline sulfonamide series of
diuretic agents and is considered a relatively potent, long-
acting diuretic and natriuretic agent with minimal kaliuretic
activity. Many of its pharmacological properties are com-
parable to the thiazide group of diuretics. MT is generally
given orally and is absorbed quite readily in the gastro-
intestinal tract. MT excretion is primarily by filtration and
secretion in the kidney but a significant amount of the drug
appears in the feces following usual therapeutic doses
because of enterohepatic recycling.A single oral dose ofMT
is excreted in two to four days, with 50 % excreted
unchanged. Metabolites of MT are mainly hydroxylated
and then further oxidized by various mechanisms [3 – 7].
Different methods have been applied for the determina-
tion of MT in bulk and pharmaceutical preparations
including, spectrophotometric, high-performance liquid
chromatographic, liquid chromatography with fluorescence
detection, liquid chromatography-tandem mass spectrome-
try (LC-MS-MS) and LC-MS-MS with an electrospray
ionization [8 – 10].However,more recently, there has been a
tendency for theuseof less costly techniques anda reduction
in the use of organic solvents since they result in high
ecological costs.
Due to their high sensitivity, voltammetric methods have
been successfully used for the detection and determination
Scheme 1. Chemical structure of MT.
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of various pharmaceutical compounds. Moreover, inves-
tigations of the redox behavior of pharmaceutical com-
pounds by means of electrochemical techniques have the
potential for providing valuable insights into the redox
reactions of these molecules [11 – 16]. Nevertheless, there
are no electrochemical studies of MT.
The present study is concerned with the electrochemical
characterization of the oxidation behavior ofMT, for a wide
pH range between 2 and 12, using cyclic, square-wave and
differential pulse voltammetry at a glassy carbon electrode.
2. Experimental
2.1. Materials and Reagents
Metolazone was obtained from Sigma and used without
further purification. A stock solution of 66 mM MT was
prepared in water and stored at 5 8C. Solutions of different
concentrations of MT were prepared by dilution of the
appropriate quantity in supporting electrolyte.
All supporting electrolyte solutions (Table 1) were pre-
pared using analytical grade reagents and purified water
from a Millipore Milli-Q system (conductivity 0.1 mS
cm1).
Microvolumes were measured using EP-10 and EP-100
PlusMotorizedMicroliter Pippettes (Rainin InstrumentCo.
Inc., Woburn, USA). The pH measurements were carried
out with a Crison micropH 2001 pH-meter with an Ingold
combined glass electrode. All experiments were done at
room temperature (25 1 8C).
2.2. Voltammetric Parameters and Electrochemical Cells
Voltammetric experiments were carried out using a mAuto-
lab running with GPES 4.9 software, Eco-Chemie, Utrecht,
The Netherlands. Measurements were carried out using a
glassy carbon electrode (GCE) (d¼ 1.5 mm) working
electrode, a Pt wire counter electrode, and an Ag/AgCl
(3 M KCl) as reference, in a 0.5 mL one-compartment
electrochemical cell. The experimental conditions for differ-
ential pulse voltammetry were: pulse amplitude 50 mV,
pulse width 70 ms, scan rate 5 mV s1. For square-wave
voltammetry the experimental conditions were frequency
50 Hz and potential increment 2 mV, corresponding to an
effective scan rate 100 mV s1.
TheGCEwas polished using diamond spray (particle size
1 mm) before every electrochemical assay. After polishing,
the electrode was rinsed thoroughly with Milli-Q water.
Following thismechanical treatment, theGCEwasplaced in
buffer supporting electrolyte and differential pulse voltam-
mograms were recorded until a steady state baseline
voltammogram was obtained. This procedure ensured very
reproducible experimental results.
2.3. Acquisition and Presentation of Voltammetric Data
The differential pulse voltammograms presented were
background-subtracted and baseline-corrected using the
moving average application with a step window of 5 mV
included in GPES version 4.9 software. This mathematical
treatment improves the visualization and identification of
peaks over the baseline without introducing any artifact,
although the peak intensity is in some cases reduced
(<10%) relative to that of the untreated curve. Never-
theless, this mathematical treatment of the original voltam-
mograms was used in the presentation of all experimental
voltammograms for a better and clearer identification of the
peaks. The values for peak current presented in all plots
were determined from the original untreated voltammo-
grams after subtraction of the baseline.
3. Results and Discussion
3.1. Cyclic Voltammetry
The voltammetric behavior using aGCEwas investigated in
a solution of 30 mM MT in pH 7 0.1 M phosphate buffer
saturated with N2. The cyclic voltammograms obtained at a
scan rate n¼ 100 mV s1, show two well-separated consec-
utive peaks in the anodic region (Fig. 1A), but nopeakswere
observed in the cathodic region.
The first oxidation is reversible (Fig. 1B), peaks 1a – 1c,
and the second oxidation, peak 2a, at E2pa¼þ0.815 V,
corresponds to an irreversible reaction (Fig. 1A). The
second scan shows the decrease of peak 2a current and the
absence of peak 1a due MT and MT oxidation products
adsorption on the GCE surface.
The effect of scan rate on peak 2a current was studied
(Fig. 2). Between measurements, the electrode surface was
always polished in order to assure a clean surface and to
avoid possible problems from MT and MT oxidation
products absorption on the GCE surface.
It was observed that increasing the scan rate the peak 2a
potential is slightly displaced to more positive values. The
difference between the peak 2a potential, E2pa, and the peak
2a potential at half height of peak, E2p=2a, is ca. 43 mV. Since
Table 1. Supporting electrolytes, 0.2 M ionic strength.
pH Composition
2.2 HClþKCl
3.4 HAcOþNaAcO
4.5 HAcOþNaAcO
5.3 HAcOþNaAcO
6.1 NaH2PO4þNa2HPO4
7.0 NaH2PO4þNa2HPO4
8.1 NaH2PO4þNa2HPO4
9.3 NaOHþNa2B2O7
11.1 NaOHþKCl
12.8 NaOHþKCl
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for a diffusion-controlled irreversible system jE2paE2p=2a j
¼ 47.7/(aan’) where aa is the anodic charge transfer coef-
ficient and n the number of electrons in the rate-determin-
ing step [17], it can be calculated that aan’¼ 1.11.
Increasing the scan rate, the current of peak 2a increases
linearly with square root of n, consistent with the diffusion-
limited oxidation of a solution species.
The peak current in amperes for a diffusion-controlled
irreversible system is given by Ipa (A)¼ 2.99 105 n (aan)1/2
A [R]1 DR
1/2 n1/2 where n is the number of electrons
transferred during the oxidation of MT (n¼ 1 as shown
below, Sec. 3.2), A is the electrode area in cm2, DR is the
diffusion coefficient of R in cm2 s1, [R]1 is the concen-
tration in mol cm3 and n is in V s1 [17]. By plotting Ipa vs.
n1/2, the value of DR is obtained. For this calculation, the
GCE electroactive areawas determined from a plot of Ipc vs.
n1/2 using a solution of 500 mMhexacyanoferrate (II) and the
value of the diffusion coefficient of hexacyanoferrate (II) in
phosphate buffer of 7.35 106 cm2 s1 [18], and the GCE
electroactive area of 1.03 105 cm2 was determined. For
the measured slope of 3.72 108 A/(V s1)1/2 the diffusion
coefficient of MT in pH 7 0.1 M phosphate buffer is
3.43 106 cm2 s1.
3.2. The Influence of pH
Theeffect of pHon the electrochemical oxidationofMTwas
studied over a wide pH range between 2 and 12 using
differential pulse voltammetry. The differential pulse vol-
tammograms (Fig. 3)were all recorded in solutions of 30 mM
MT in different electrolytes with 0.2 M ionic strength
(Table 1).
The reversible peak 1a only occurs in the pH range 2 – 10
and the oxidation potential was displaced to less positive
values with increasing pH (Figs. 3A andC). In theEpa vs. pH
plot (Fig. 3C) the slope of the dotted line, 59 mV per pH
unit, shows that the mechanism of this first reversible
oxidation process, peaks 1a – 1c, in aqueous media involves
the same number of electrons and protons. Taking into
consideration that width at half height of the MT peak 1a is
W1/2 54 mV, it can be concluded that this oxidation process
involves the transfer of two electrons and two protons.
The peak 2a occurs in all supporting electrolytes (Fig. 3A
and C). For buffer solutions between pH 2 and 10, the
potential of peak 2a is displaced tomore negative valueswith
increasing pH. In the Epa vs. pH plot (Fig. 3C) the slope of
the dotted line, 59 mV per pH unit, shows that the
mechanism of this oxidation process, Peak 2a, in aqueous
media also involves the same number of electrons and
protons.
The number of electrons transferred, n, was determined
by the peak width at half heightW1/2 100 mV, and is close
to the theoretical value of 90 mV, corresponding to an
electrochemical reaction involving the transfer of one
electron [17]. Consequently, it can be concluded that
oxidation process occurs with the transfer of one electron
and one proton.
For pH> 10, the oxidation peak 2a does not depend on pH
indicating a mechanism involving only 1 electron, the MT
oxidation product can undergo chemical deprotonation in
Fig. 1. Cyclic voltammograms of 30 mM MT in pH 7 0.1 M
phosphate buffer: A) (—) first and ( ··· · · ) second scan, and B)
first peak, n¼ 100 mV s1.
Fig. 2. Cyclic voltammograms of 30 mM MT in pH 7 0.1 M
phosphate buffer at scan rates: 5, 20, 50, 100, 200, and 300 mV s1.
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alkaline electrolytes [19], and the value of pKa  10 of MT
was determined (Fig. 3C).
Successive differential pulse voltammograms in buffer
solutions with pH 3.5, 7.0 and 9.0 were recorded. For all
these pHs a new peak 3a occurs in the second differential
pulse voltammogram (Fig. 3B) which corresponds to the
oxidation of the MT oxidation product, and increasing the
pH a decrease of the oxidation potential was observed
(Fig. 3B) and the slope of the dotted line, 59 mVper pHunit
(Fig. 3C) shows that the mechanism of this oxidation
process, Peak 3a, in aqueous media also involves the same
number of electrons and protons.
The variation of peak 2a current versus pH showed that
the current increased with pH (Fig. 3A), with amaximum in
the pH range 6 – 7 using 0.1 M phosphate buffer, and this
electrolyte was used for further studies.
3.3. Square-Wave Voltammetry
The advantages of square-wave voltammetry are greater
speed of analysis, lower consumption of the electroactive
species in relation with differential pulse voltammetry, and
reduced problems with poisoning of the electrode surface
[17]. A greater advantage of square-wave voltammetry is
the possibility to see during only one scan if the electron
transfer reaction is reversible or not. Since the current is
sampled in both positive and negative-going pulses, peaks
corresponding to the oxidation and reduction of the
electroactive species at the electrode surface can be
obtained in the same experiment.
Successive square-wave voltammograms recorded in a
solution of 30 mM MT in different electrolytes showed
similar features to the differential pulse voltammograms,
i.e., oxidation peaks 1a, 2a, and 3a. Consequently, the
reversibility of the peaks 1a and 3a and the irreversibility of
the peak 2a were confirmed by plotting the forward and
backward components of the total current obtained in a
solution of MT in pH 7 0.1 M phosphate buffer (Fig. 4).
Based on the results obtained a mechanism for the
oxidation ofMTin pH 7 0.1 Mphosphate buffer is proposed
(Scheme 2), which is in agreement with the MT data
obtained using other methodologies [3, 11, 20, 21]. The first
step, peak 1a, is assigned to the oxidation of the nitrogen in
the sulfonamide moiety and involves the transfer of two
electrons and twoprotons. The second step occurs also in the
sulfonamide moiety, peak 2a, and involves one electron-
transfer, followed by deprotonation to produce a cation
radical, which reacts with water and yields the final
hydroxylated product.
4. Conclusions
MT, a diuretic agent used in patients with edematous states
and/or hypertension, undergoes oxidation at a glassy carbon
electrode. The oxidation of MT occurs in two consecutive
steps in a diffusion-controlled mechanism. The diffusion
coefficient of MT in pH 7.0 0.1 M phosphate buffer was
calculated to be 3.43 106 cm2 s1.
The first oxidation process is reversible, pH dependent
and involves the oxidation of nitrogen in the sulfonamide
moiety with the transfer of two electrons and two protons.
The second oxidation process occurs also in the sulfonamide
moiety is irreversible, pH dependent, and involves one
electron and one proton transfer to produce a cation radical,
Fig. 3. 3D plots of background-subtracted differential pulse
voltammograms obtained in 30 mM MT as a function of pH: A)
first and B) second scans. C) Plot Epa vs. pH of: (*) peak 1a and
(&) peak 2a for the first and (*) peak 1a, (&) peak 2a and (~) peak
3a for the second scans. Dotted line corresponds to 59 mV per pH
unit.
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which reacts with water and yields a final hydroxylated
product.
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